ABSTRACT: To evaluate the state of ecosystems in Mauritania, rainfall time series and a GIMMS-NDVI (global inventory modeling and mapping study-normalized difference vegetation index) data set were used for analysis of rainfall and NDVI trends and their relationships in different ecological zones. Linear regression analysis and the non-parametric Mann-Kendall test were applied to detect NDVI and rainfall trends. In addition, the interannual NDVI coefficient of variation (CV) was used to demarcate the borders of the Mauritanian Sahel, and used as an index for land degradation. The results of both parametric and non-parametric methods confirmed the presence of increasing rainfall trends in different ecological zones, except for the Saharan and coastal zones. However, NDVI time series were positive at east Sahel and southeast Senegal River zone. As concluded from trends of rainfall and NDVI, and from CV analysis, the west Mauritanian Sahel and zones west of the Senegal River were characterized by low performance and presence of degradation, while the east Sahel zone, the zone to the southeast of the Senegal River, and patchy areas in the west Sahel exhibited very good land performance and greenness during 1983-2003. The actual borders of Mauritanian Sahel rangeland approximate to the 200 mm isohyet and 0.20 mean NDVI. Land degradation in the Mauritania Sahel can be attributed principally to human activities, and the recent greenness to the increase in rainfall.
INTRODUCTION
Mauritania extends over >1 million km 2 of northwest Africa. The Sahara desert covers the northern part of the country and the Sahel zone borders this to the south. The vegetation cover in Mauritania is composed mainly of grass and shrub lands in the semi-arid zone (Sahel) and sparse vegetation in the arid zone (Sahara). Identification of the exact limits between Sahara and Sahel is difficult. However, the 100-200 and 400-600 mm yr -1 rainfall contours are generally accepted as the northern and southern Sahelian limits, respectively .
The West African Sahel has experienced the most substantial and sustained decline in rainfall recorded in the world since rain-gauge measurements began in the late 1800s (Nicholson 2000) . As part of the West African Sahel, Mauritania has been experiencing frequent droughts since the late 1960s, which have been more severe than in the neighboring countries due to its position at the immediate southern fringe of the Sahara desert (Thiam 2003) . Demarré (1990) found a highly significant downward trend in the Sahelian rainfall (using rain gauge records from Kaedi station, southern Mauritania) between 1904 and 1988. Furthermore, Ahmedou et al. (2008) found a significant rainfall decrease during in north Mauritania, which resulted in persistent drought in this region. However, recent findings suggest a consistent trend of increasing vegetation in much of the Sahel region and an increase in the rainfall amounts (excluding the northernmost zone, i.e. the Sahara margin) compared to the periods of droughts (Nicholson 2005) .
The satellite images series of the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) sensor provides a dataset that is useful for the analysis of spatiotemporal changes of vegetation cover and land degradation. The foundation for using Normalized Difference Vegetation Index (NDVI) data, including AVHRR-NDVI, in monitoring arid and semi-arid lands is based on a large body of research in the late 1980s demonstrating the close relationship between NDVI and rainfall variations at seasonal to interannual time scales . In general, NDVI is a sensitive indicator of the interannual and spatial variability of rainfall in semiarid zones (Li et al. 2004) . The changes in precipitation were identified by Hickler et al. (2005) as the main cause of vegetation changes.
Because of its geographical location, Mauritania is particularly vulnerable to climatic changes. Several studies have examined the dynamics of vegetation in all countries of the Sahel (i.e. Fuller 1998 , Milich & Weiss 2000 , Diouf & Lambin 2001 , Thiam 2003 , Herrmann et al. 2005 ; however there is a lack of remote-sensing-based research on the condition of Mauritanian ecosystems and its link to climatic conditions. Therefore, the aim of this work was to study the trends and dynamics of the arid and semi-arid ecosystems in Mauritania during 1983 Mauritania during -2003 , and the response of these to rainfall in the different ecological zones using NOAA-NDVI and rainfall time series. We selected data from 1983 -the driest year of the study period for Mauritania -to evaluate the level of recovery after the severe drought and avoid the missing values in the start point.
METHODS

Study area
Mauritania is located in northwest Africa, bordering Senegal and Mali in the South, Mali in the east, Algeria and Morocco in the North and the Atlantic Ocean to the west. The climate is arid in the north and semi-arid in the south. There are 5 ecological zones: west Sahel, east Sahel, Sahara, Senegal River valley and coastal zones (Fig. 1) . The mean annual rainfall increases gradually from < 50 mm in northern Mauritania to around 400 mm in southern Mauritania. The predominant activities are livestock breeding, agriculture and exploitation of forest resources for shelter, logs and fuel wood (Thiam 2003) . The grassland represents the main vegetation cover in the country with shrubs and herbaceous plants. Deforestation by man has led to the disappearance of the majority of the forests in Mauritania. Rain-fed agriculture is the most practiced activity in rural areas, while irrigated agriculture is limited to some areas in the Senegal River valley. Historically, livestock breeding is the main economic activity in west Sahel. In Mauritania, livestock makes up 80% of total agricultural production and represents 22% of the gross national product (Thys & Wilson 1996) . Livestock breeding and other agricultural activities are mainly practiced in the southern part of the country (SaharoSahelian and Sahelian). However, in the north (the Sahara) pastoral activities are limited to camel and sheep breeding, and the only farming activities are found in areas around oases.
Data and analysis
Data
Monthly rainfall records at 16 stations ( (1982), to analyze the degree of rainfall recovery after the severe drought of 1983 and to evaluate its relationship with NDVI time-series as a proxy for vegetation. Although rainfall time series data was missing for 24 mo (1997) (1998) at Adel Bagrou meteorological station and for 12 mo (1988) at Gouray, we felt it would have only minor effects on the power of the statistical tests. The NDVI data set from 1983 to 2003 was selected (from the 1982-2003 period available). The NDVI data set is a bimonthly 8 km continental product produced by Global Inventory Monitoring and Modeling Studies (GIMMS). These data were obtained from the NASA Distributed Active Archive Center (DAAC), and corrected for cloud affect, solar zenith angle, surface topography and calibrated to handle sensor differences , Brown et al. 2006 . GIMMS-NDVI data sets show good correlation with data from higher quality sensors, which makes them suitable for use in ecological studies (Pettorelli et al. 2005) . For the present study, NDVI annual time series were generated using the maximum value composite (MVC) from the bimonthly GIMMS-NDVI for the rainy season (June to October) in order to reduce the quantity of data. Moreover, time series of mean NDVI-MVC in 10-pixel areas around each meteorological station were produced for the period to analyze interannual NDVI trends at different stations in different ecological zones.
Linear regression analysis
Linear regression analysis was used to analyze rainfall and NDVI time series. The analysis of NDVI was performed at 3 scales; pixel level, regional level and country level. A pixel-level trends map, which provides a clear image of the spatial distribution of changes, was generated by linear regression slope. Trend analysis at the regional level was used to verify the results of pixel-based trends. Two meteorological stations were used in this analysis for the arid zones i.e. Tidjikja and Nouakchott stations for Sahara and coastal zone, respectively, and 3 stations for the other ecological zones i.e. east Sahel (Nema, Adel Bagrou and Aioun), west Sahel (Boutilimit, Aleg and Kiffa) and Senegal River zone (Rosso, Gouray and Kaedi). Finally, we analyzed the trends of the annual mean of rainfall time series and NDVI time series for the whole country.
Student's t-test was used to calculate the significance level of regression parameters. The slope was considered as not significantly different from zero at 0.05 level of probability (p). Moreover, we calculated the significance of Lag 1 serial correlation following the method described by Mirza et al. (1998) to increase the variance and to remove the effect of serial correlation.
Mann-Kendall test
The linear regression method is widely used for analysis of climatology time-series and NDVI tendency (Fuller 1998 , Slayback et al. 2003 , Li et al. 2004 ). However, meteorological data are similar to NDVI time series in that they describe quasi-periodic patterns and fail to meet most of the assumptions necessary for simple linear regression (de Beurs & Henebry 2004) . The most appropriate alternative is the application of a non-parametric test such as Mann-Kendall (S) as it is robust against deviation from normality and missing values. Here, the simple S-test was used to assess the trends of annual time series of rainfall and NDVI for different ecological zones and the whole country, while the seasonal S (S seasonal )-test was used to analyze the trends of monthly rainfall time series in different stations, monthly average in different ecological zones and monthly average for the whole country.
The presence of serial correlation can complicate the identification of trends (Burn & Hag Elnur 2002) . The pre-whitening method is the most commonly used procedure to remove the effects (Type I and II errors) of serial correlation on S trend analysis and to prevent the false detection of non-existent trends (Von Storch & Navarra 1995). Therefore, prior to applying the S-test, the rainfall and NDVI series were pre-whitened according to a procedure described by Wang & Swail (2001) . Also, the S seasonal -test, corrected by Helsel et al. (2006) for serial correlation effects, was employed for monthly rainfall trends analysis.
A positive (negative) value of the S-statistic, indicates increasing (decreasing) trends of rainfall and NDVI time series in which the observation augments with time. To test the significance of trends at certain p levels, the null hypothesis is rejected for an absolute Z score at 5% significance level.
Coefficient of variation
NDVI interannual coefficient of variation (CV) has been used to assess vegetation activities and changes in arid and semi-arid regions (Tucker et al. 1991 , Weiss & Milich 1997 , Vicente-Serrano et al. 2006 . Milich & Weiss (2000) reported that high CVs embedded among larger areas of much lower CVs may be associated with rapid, dynamic and irreversible (on human timescales) land degradation. Therefore, NDVI-CV was computed according to Weiss & Milich's (1997) method and compared with results of vegetation dynamics. Fig. 2 shows the spatial distribution of NDVI trends (using linear regression analysis) during 1983-2003. Significant trends (≥ 90% confidence level) were found in southern Mauritania, mainly the area below 150 mm isohyet in the east Sahel zone, southeast of the Senegal River zone and in the west Sahel zone. Trends north of the 200 mm isohyet were insignificant. found significant trends in southern Mauritania around latitude 17°N.
RESULTS AND DISCUSSION
Vegetation dynamics in the Sahel zone are mainly governed by the pattern of rainfall distribution driven by the African Monsoon system. NDVI and rainfall are highly correlated in the Sahel zone (Herrmann et al. 2005) . Therefore, we assumed that any significant rainfall in- crease in the Mauritanian Sahel would be accompanied by significant vegetation (NDVI) increase in productive grass and/or savannah areas. Where there was no greenness after a significant increase in rainfall, land degradation or low land performance were expected (Li et al. 2004) .
The descriptive statistics of annual rainfall are presented in Table 1 . Rainfall mean values decreased gradually from 482.9 mm at Gouray (Senegal River zone) to <170 mm at Boutilimit (west Sahel zone) and Tidjikja (southern border of Sahara zone). CVs ranged from 0.25 at Adel Bagrou to 0.53 at Nema (east Sahel zone). A CV of 0.51 at Boutilimit (west Sahel zone) indicated high variability in rainfall. The standard deviation (SD) showed high variability ranging from 170.3 mm at Gouray (Senegal River zone) to 51.7 mm at Tidjikja (Sahara zone).
The pattern and linear regression analysis of mean rainfall and NDVI for different ecological zones and all Mauritania is shown in Fig. 3 and the results of the statistical analysis are summarized in Table 2 . The results indicate significantly increasing rainfall for Mauritania and for different ecological zones except Saharan and coastal zones. On the other hand, the NDVI increased at the whole country level (p = 0.088) and increased significantly in the east Sahel zone (p = 0.001).
The non-parametric simple S-and S seasonal -tests for rainfall and NDVI time series indicated significantly increasing trends (p ≤ 0.01) at all stations of the east Sahel zone (Table 3) . However, in west Sahel, the rainfall trend was only significantly positive at Kiffa. The NDVI series exhibited non-significant increases at Aleg and Boutilimit and insignificant decrease at Kiffa. For the Senegal River zone, Gouray exhibited significant upward trends in rainfall and NDVI, and at Rosso the rainfall increase was not followed by an increase in NDVI. At Kaedi, Nouakchott and Tidjikja, no significant trends were found for either time series.
Unlike the results for regression analysis, the S-test showed non-significant trends in NDVI time series for the whole country; this is logical regarding the broad cover of unproductive desert and the absence of significant vegetation recovery in the Senegal River and west Sahel zones. The results of both methods, parametric and nonparametric, confirmed the upward trends of rainfall time series in different ecological zones except for the Sahara and coastal zones. At the same time, NDVI time series trends were increasing in the east Sahel zone and part of the Senegal River zone (i.e. Gouray). The correlation coefficients of rainfall and NDVI time series indicated highly significant correlations for the whole country (r = 0.87, p < 0.001), east Sahel (r = 0.77, p < 0.001) and west Sahel (r = 0.68, p < 0.001). However, the correlation was less (r = 0.54, p < 0.001) in the river zone, which could be attributed to the nature of land use in certain areas along the Senegal River. For the coastal zone at Nouakchott, the correlation (r = 0.50) was significant (p = 0.01) in spite of apparent persistency of drought at this area. On the other hand, at Tidjikja (Sahara zone) there was very low correlation (r = 0.08) between NDVI and rainfall time series.
The inter-annual NDVI-CV indicated high variability in the Mauritanian Sahel (Fig. 4) . The east Sahel zone had a CV value higher than 0.3 in the area between 200 and 250 mm isohyets. The Senegal River and west Sahel zones also showed high NDVI variability. The threshold value 0.25 of interannual NDVI-CV was approximately close to the 200 mm isohyet, which is regarded to be the northern boundary of the Sahelian region. This area also had an average NDVI-MVC > 0.20. Therefore, this confirmed the usefulness of 0.25 CV for defining the Sahelian borders. The patchy areas of high CV were located outside the areas of significant increasing trends (green in Fig. 4) , which confirmed the assumption of Milich & Weiss (2000) that high CVs located between large areas of low CV are an indication of degradation and not of improvement.
Livestock grazing and human practices are generally considered to have similar effects to the climatic conditions that are affecting the Sahel environments. However, among climatic factors, rainfall has been considered as the major driving force of vegetation patterns in the Sahel zone.
The results of this study showed marked greenness in the east Sahel zone, and patchy areas of green in the west Sahel zone and the southeastern part of the Senegal River zone (Fig. 2) . This area is known to be the main pastoral zone in the country that experienced, in recent decades, a considerable increase in livestock numbers. For instance, the number of sheep in 1973 was approximately 3 × 10 6 (Le Houerou 1980) and increased to around 8.85 × 10 6 in 2006 (FAO 2006) . Therefore, this increase in livestock could be attributed to the recent increases in rainfall and greenness in the region. Furthermore, this provides evidence that this semi-arid zone has a higher carrying capacity than was previously assumed. On the other hand, in the western part of the country, the absence of strong vegetation recovery -in spite of significant increases in rainfall amounts and the presence of the highest CVs -confirms that land here is being degraded. Thus, land performance in the east Sahel and southern Senegal River zones was high while in the western part performance was low. Moreover, as this part (the west Sahel and west Senegal River zones) is a principally agro-pastoral zone, human activities can be attributed to the changes more than the climatic conditions.
CONCLUSIONS
Rainfall and NDVI time series during 1983-2003 showed significant positive trends in southern Mauritania, in the east Sahel zone and in the southeastern part of the Senegal River zone. However, the western part of Senegal River zone and the west Sahel zone showed no significant change in vegetation, in spite of the significant increase in rainfall.
The presence of high interannual NDVI-CV values in areas of significant greenness confirmed the pres- ence of degradation in the western Sahel and western Senegal River zones. Moreover, the 0.25 CV, 0.20 mean NDVI and 200 mm isoheyt were almost overlapping. Therefore, these values could be used for the demarcation of the north Sahelian limits. We also suggest the use of the 0.10 CV and 0.15 mean NDVI-MVC to demarcate the northern limits of Sahara-Sahel transition zone.
Regarding the results of the current study and the nature of human activities in different ecological zones -at least in the semi-arid Mauritanian Sahel -it is unlikely that overgrazing is the main cause of ecosystem degradation, but agricultural practices and fuel wood collection may play an important role. 
